ABSTRACT
INTRODUCTION
Pelvic floor disorders, such as pelvic organ prolapse and urinary incontinence, are highly prevalent conditions with a negative impact on quality of life 1 . Vaginal delivery is an important risk factor for these conditions 2, 3 . During vaginal delivery, the pelvic floor muscles are stretched and compressed against the pelvic sidewall, which can induce injury. Computer modeling based on magnetic resonance imaging (MRI) has shown that, during passage of the fetal head, the levator ani muscle stretches to at least twice its initial length 4 . Several clinical studies have found an increase in the area of the levator hiatus after vaginal delivery, indicating function loss possibly due to tissue trauma [5] [6] [7] . As the levator ani muscle plays an important role in pelvic organ support, it is not surprising that levator avulsion and large hiatal area have been associated with prolapse symptoms and stress urinary incontinence [7] [8] [9] [10] . However, not all vaginally parous women develop pelvic floor disorders later in life. It is still not fully understood which women are at increased risk of experiencing symptoms. This may be related to the extent of the damage that occurs during delivery and/or differences in the recovery process.
Little is known about the normal recovery of the pelvic floor in the first weeks after vaginal delivery, and there is a paucity of longitudinal data. A better understanding of the recovery of the puborectalis muscle after vaginal delivery is of importance when considering early interventions to improve this recovery. Since we know that primary prevention of symptomatic pelvic floor disorders is difficult, there is a focus on secondary prevention with stem cells and their culture medium [11] [12] [13] . This study was designed to evaluate levator hiatal dimensions using 3D/4D transperineal ultrasound at several timepoints after vaginal delivery, from 1 day up to and including 24 weeks postpartum, and to compare these with dimensions in early pregnancy in order to provide a better understanding of early 'normal' recovery of the puborectalis muscle.
METHODS
This study was part of a prospective multicenter cohort study on the association between mean echogenicity of the puborectalis muscle and mode of delivery. Three hundred and six nulliparous women with a singleton pregnancy and good knowledge of the Dutch language were included in the original study. Exclusion criteria were history of pelvic organ prolapse surgery, incontinence surgery, surgery in the uterus necessitating delivery by Cesarean section, connective tissue disease or inability to perform a maximum Valsalva maneuver because of cardiac or pulmonary disease. The study was approved by the Institutional Human Research Ethics Committee (reference 14/482) and all women gave informed consent to participate.
All participants underwent an ultrasound assessment of the pelvic floor at 12 weeks' gestation. Patients were also asked to participate in a follow-up study and the first 20 patients that gave informed consent and delivered vaginally were included. These 20 women underwent follow-up ultrasound examinations at 1 day and 1, 2, 3, 4, 6, 12, 18 and 24 weeks after vaginal delivery.
The ultrasound device used was either a GE Voluson 730 Expert system (GE Medical Systems, Zipf, Austria) or the portable Voluson i (GE Medical Systems), as women were given the option to undergo the ultrasound assessment either at our clinic or in their home. At each follow-up timepoint, transperineal ultrasound was performed at rest, on maximum pelvic floor muscle contraction (PFMC) and on maximum Valsalva maneuver, with the woman in supine position and with an empty bladder. Each maneuver was recorded at least three times and the obtained volume imaging datasets were stored on a hard drive. Offline analysis was performed using 4D View 7.0 (GE Medical Systems) software. The plane of minimal hiatal dimensions in the axial view was selected, and dimensions of the levator hiatus (anteroposterior (AP) diameter, transverse diameter and area) were measured at rest, on PFMC and on Valsalva maneuver, as described previously by Dietz et al. 14 . In short, the AP diameter of the levator hiatus was defined as the distance from the inferior border of the symphysis pubis to the inner border of the puborectalis muscle. The transverse diameter of the levator hiatus was defined as the longest distance between two inner sides of the puborectalis muscle, perpendicular to the AP diameter. The area of the levator hiatus was measured as the area bordered by the puborectalis muscle, the symphysis pubis and the inferior pubic ramus (Figure 1 ). Contractility and distensibility were calculated by subtracting hiatal dimensions during contraction from hiatal dimensions at rest and hiatal dimensions at rest from hiatal dimensions during Valsalva, respectively 15 . The observer was blinded to all clinical data, but not to the timepoint at which the ultrasound was performed. The presence of an avulsion of the puborectalis muscle was defined in line with the internationally accepted definition presented by Dietz and colleagues in 2007 and 2011 and performed by an experienced observer (M.W.) 16, 17 . Demographic (age, ethnicity, body mass index) and delivery (gestational age, mode, perineum damage, birth weight) data were obtained from the women's clinical files. Considering the large number of ultrasound follow-up assessments and time investment, we decided to include 20 women as a pilot sample.
Statistical analysis was performed using SPSS for Windows version 22.0 (IBM Corp., Armonk, NY, USA). Levator hiatal area and contractibility/distensibility were described as median (range). Hiatal dimensions at each follow-up were compared with hiatal dimensions at 12 weeks' gestation, using the Wilcoxon signed rank test. P < 0.05 was considered statistically significant.
RESULTS
Of the 200 scheduled transperineal ultrasound examinations, 193 were performed on the 20 participants at 10 timepoints, the first one at approximately 12 (range 9.7-14.0) weeks' gestation and nine at different follow-up times after vaginal delivery ( Figure 2 ). Seven ultrasound examinations were not performed at all, and three volume datasets for the levator hiatal measurements and four for the levator ani avulsions were excluded later due to low ultrasound quality ( Figure S1 ). Patient characteristics are described in Table 1 .
Levator hiatal dimensions
Median areas of the levator hiatus at 12 weeks' gestation and at 1 day and 1, 2, 3, 4, 6, 12, 18 and 24 weeks after vaginal delivery are shown in Figure 3 . One day after vaginal delivery, hiatal area at rest, on PFMC and on Valsalva maneuver was significantly increased compared with measurements at 12 weeks' gestation (P < 0.005). Hiatal area at rest and PFMC declined during the first 2 weeks postpartum, but was still significantly larger than at 12 weeks' gestation (P < 0.03 for rest and P < 0.002 for PFMC). After the first 2 weeks postpartum, hiatal area at rest and on PFMC was no longer significantly different from size at 12 weeks' gestation, with the exception of hiatal area at rest at 18 weeks postpartum (P = 0.03) and hiatal area on contraction at 6 weeks postpartum (P = 0.02). Hiatal area on Valsalva maneuver remained significantly increased compared with measurements at 12 weeks' gestation, up to and including the 18 th week postpartum (P < 0.002). At 24 weeks postpartum, hiatal area on Valsalva maneuver was still increased, but not significantly different from that at 12 weeks' gestation (P = 0.08).
Median contractility and distensibility of the levator hiatus at 12 weeks' gestation and at 1 day and 1, 2, 3, 4, 6, 12, 18 and 24 weeks after vaginal delivery are presented in Figure 4 . Compared with measurements at 12 weeks' gestation, contractility after birth was significantly lower (P < 0.04) up to and including the sixth week postpartum, with the exception of 1 day and 2 weeks postpartum. Distensibility increased significantly from 2 weeks after vaginal delivery up to the last measurement at 24 weeks postpartum, compared with measurements at 12 weeks' gestation. Hiatal dimensions at rest, on PFMC and on Valsalva maneuver at all ultrasound examinations, along with significance levels compared with measurements at 12 weeks' gestation, are given in Table S1 .
Levator avulsion
Of the 20 patients, 12 did not have any type of avulsion. Two women had a partial left and one had a partial bilateral avulsion. Two women had a complete w e e k s P P 4 w e e k s P P 6 w e e k s P P 1 2 w e e k s P P 1 8
w e e k s P P right avulsion and three women had complete bilateral avulsions. The regeneration pattern of the women with a complete bilateral avulsion is shown in Figure 5 .
DISCUSSION
Our findings indicate that recovery to early pregnancy state of the hiatal dimensions at rest and on contraction takes place during the first 3 weeks after vaginal delivery. On Valsalva maneuver, there seems to be a long-lasting increase in levator hiatal dimensions after vaginal delivery. Contractility of the puborectalis muscle returns to the early-pregnancy state between 6 and 12 weeks after vaginal delivery, while distensibility of the puborectalis muscle is still increased at 24 weeks after delivery. Strengths of our study include its longitudinal design with nine follow-up timepoints, from 1 day up to 24 weeks postpartum. Another strength is the comparison between hiatal areas postpartum and those at 12 weeks' gestation, and since hiatal area increases as the pregnancy advances 5, 6, 18 , hiatal dimensions in the first trimester are probably closest to prepregnancy values. w e e k s P P 4 w e e k s P P 6 w e e k s P P 1 2 w e e k s P P 1 8
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w e e k s P P Limitations of our study include the small study population and lack of prepregnancy values. A larger population would have provided more robust data; however, there were no data available from the literature with which to perform a sample size calculation. This study has to be regarded as a pilot study in which the direction and magnitude of changes that were assessed can be used for future protocol design and sample size calculations. Moreover, the population consisted of Caucasian women, at a median age of 32 years, and therefore the conclusions may not be applicable to other age or ethnic groups. In addition, one woman delivered prematurely at 31 weeks' gestation, which could possibly have led to smaller damage of the pelvic floor muscles, leading to an overestimation of recovery of the puborectalis muscle after vaginal delivery; however, the hiatal area of this woman was comparable to the group median, so we decided not to exclude her from analysis. Finally, the small sample size precluded a subgroup analysis on the effect of partial or complete levator avulsion on the recovery of the hiatal dimensions after delivery.
A study in which the levator hiatal area of six women was measured on MRI at 1 day, 1, 2 and 6 weeks, and 6 months after vaginal delivery, showed that recovery took place during the first 2 weeks 19 . This is in accordance with the findings in our study. Several studies found increased hiatal area on Valsalva maneuver 6 months and 1 year after vaginal delivery 6, 15, 18 . In our study, the hiatal area at 24 weeks after delivery was still increased but not statistically different from that at 12 weeks' gestation. This discrepancy is most likely attributable to the small sample size of our study.
Van Veelen et al. calculated contractility and distensibility at 12 weeks' gestation and 6 months after vaginal delivery using the same method as in our study 6 . In accordance with our findings, the authors found that contractility 6 months after vaginal delivery was comparable to that at 12 weeks' gestation, whereas distensibility was still significantly increased 6 . Our finding that recovery of contractility of the puborectalis muscle takes places within 12 weeks after delivery is in accordance with studies on strain injury in skeletal muscles. In rodents, contractile function of injured tibialis anterior muscles recovers within 2-3 weeks 20, 21 . A systematic review on rehabilitation progression and return-to-play decision-making following hamstring strain injury reported mean return-to-play time from 12 to 63 days in nine studies 22 . Return-to-play time could be a reflection of recovery of contractile function.
The lack of a significant increase in distensibility during the first 3 weeks postpartum is likely due to a reluctance of women to perform maximum Valsalva maneuver shortly after delivery. The increased distensibility after vaginal delivery might be explained by permanent changes in extracellular matrix (ECM) of the levator ani muscle, as intramuscular ECM determines passive mechanical properties of the muscle and ability to sustain load 23, 24 . Nevertheless, recent studies in rats do not support this theory, as an increased ECM collagen content was found in all pelvic floor muscles during pregnancy and in only one pelvic floor muscle (coccygeus) after vaginal delivery, which indicates the presence of fibrosis 25 . Fibrosis leads to increased stiffness, which is exactly the opposite of increased distensibility. These findings, however, might not be applicable to humans, as rodents and humans differ greatly in the size of the fetus relative to the size of maternal pelvis, most likely leading to less damage of the pelvic floor during vaginal delivery in rodents.
Since the cause of increased distensibility of the levator ani muscle after vaginal delivery remains unclear, it could be hypothesized that it is not the vaginal delivery itself that leads to increased distensibility but in fact permanent changes induced by pregnancy. This theory is supported by the study of van Veelen, in which an increased distensibility 6 months after childbirth was observed, regardless of delivery mode 6 . However, mean distensibility after vaginal delivery was greater than after Cesarean section (7.75 cm 2 vs 5.34 cm 2 ), indicating that there might be a combined effect of pregnancy and vaginal delivery on the pelvic floor.
Regarding levator avulsion, in a recent study, van Delft et al. looked at ultrasound images of the puborectalis muscle at 4 days and 3 months after first delivery and noted the incidence of hematomas and abruptions of the muscle from its attachment at the pubic bone (levator ani muscle avulsion) 26 . The incidence of levator ani muscle avulsion in primiparous women ranges from 12% to 36% 8, [27] [28] [29] [30] . In this study, we found a 40% incidence of avulsions. With respect to complete bilateral avulsion, we detected differences in recovery between the three patients. In one woman, the hiatal area was consistently enlarged on Valsalva maneuver, whereas in another it was not. The sample size is too small to draw conclusions, but studying the natural functional recovery of complete bilateral avulsions in a larger group would be interesting.
In conclusion, increase in area of the levator hiatus on Valsalva maneuver and increase in distensibility of the puborectalis muscle persist after first vaginal delivery. This may play a role in the development of pelvic floor disorders later in life. At rest and on PFMC, recovery of the hiatal area size occurs within the first 3 weeks postpartum and contractility is recovered within 6 weeks after delivery. Abnormalities in this process, mapped in frequent monitoring from 1 day until 24 weeks after delivery, could help us in selecting women who might benefit from early intervention to prevent symptoms later in life.
